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Abstract 

Neoplastic transformation of rat liver cells in vitro by DNA-mediated 
gene transfer with an oncogene, hkc M , derived from human (Mahlavu) 
hepatocellular carcinoma, is described and compared with that of 
NIH3T3 cells. hhc M was cloned in a neomycin-resistant simian virus 40 
promoter vector (pNeo'/S) and was designated pIVpM-l. BRL-1 or 
NIH3T3 cells, transfected with pN r pM-l DNA, showed significant mor- 
phological changes, loss of contact inhibition, and anchorage-independent 
growth. They became highly tumorigenic in nude rats and nufnu mice. 
Control BRL-1 and NIH3T3 ceils, whether transfected with pNeo r /S 
DNA or not, remained contact inhibited and nontumorigenic. Both the 
transformants and the tumor cells contained integrated hkc M DNA as 
shown by Southern blot hybridization. The complete nucleotide sequence 
of the A Ac" 3.0-kilobase DNA was also determined, and it consisted of 
a possible open reading frame for a protein of 52 kilodaltons (467 amino 
acids). The high-level production of a slightly modified form of this 52- 
kilodalton protein in a bacterial expression system has been successfully 
achieved. The bacteria-produced protein was similar in electrophoretic 
behavior to the 52- to 53-kilodaiton protein synthesized in a cell-free 
translation system using rabbit reticulocyte lysate programmed with 
hybrid-selected AAc^-speciflc mRNA from Mahlavu hepatocellular car- 
k cells. 



Introduction 

The DNA-mediated gene transfer technique on NIH3T3 cells 
in vitro has made it possible to identify certain tumor cellular 
DNA sequences with oncogenic potential that arose by point 
mutation(s) or rearrangement(s). Certain tumor-derived onco- 
genes were found to be homologous to viral oncogenes (1-5). 
The process of cell transformation is associated with the height- 
ened expression of an oncogene or activated protooncogene, 
which may eventually lead to diverse phenotypic changes such 
as loss of contact inhibition, anchorage-independent growth, 
increase in cell refractility, morphological changes, tumori- 
genicity, elevated synthesis of certain proteins, and increased 
glucose uptake. The human hhc" oncogene is a 3.0-kilobase 
DNA fragment from the African Mahlavu hepatocellular car- 
cinoma cells, and it was originally identified by its ability to 
transform N1H3T3 cells and was molecularly cloned in pUC 8 
(6-8). With the use of hhc** DNA as a probe, a number of 
related sequences were demonstrated by Southern blot hybrid- 
ization analysis in DNA samples prepared from 17 hepatocel- 
lular carcinomas of Asian origin (8). A few related clones have 
been isolated from the hepatoma DNAs, but only two of them 
showed cell-transforming capability (8). 

Interest in hhc* 4 became enhanced following the successful 
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transformation of Buffalo rat liver (BRL-1) cells by transfection 
with hhc** DNA. Transformation of liver cells has been difficult 
to evaluate mainly because cultured liver cells, like BRL-1 (9), 
or short-term liver cell cultures usually constitute a mixed 
population of cells that include hepatocytes of epithelioid cells, 
glandular (acinar) ceils, stromal cells, and interstitial cells. 
These cells undergo continuous, asynchronous biochemical dif- 
ferentiation. Morphological comparisons between control cells 
and transformants thus become difficult. In vitro transforma- 
tion of the primary culture of differentiated rat hepatocytes 
following adenovirus infection and transfection with the aden- 
ovirus El A and E1B DNA was reported earlier. The transfected 
cells became immortalized but were not tumorigenic in the 
neonatal syngeneic rat (10). Cultured rat hepatocytes trans- 
formed by virion or cloned SV40 4 DNA became tumorigenic at 
high passages (33 to 61) concomitant with enhanced expression 
of c-Ha-ras, suggesting a close relation between tumorigenicity 
and oncogene expression (11). Chemical hepatocarcinogenesis, 
both in vivo and in vitro, and the various molecular changes 
associated with the ensuing hepatomas have been well docu- 
mented (12). 

In this paper, we describe the transformation of BRL-1 cells 
by transfection with human hhc M DNA cloned in a construct 
that carries a neomycin resistance marker plus an SV40 pro- 
moter, pNeo r /S (Fig. 2). Using neomycin resistance as a select- 
able marker, we were able to evaluate the effect and fate of the 
transfected human hhc* 4 DNA in rat liver cells. Three plasm ids, 
pN r pM-l, pN r pM-2, and pN r M, carrying hhc" DNA in differ- 
ent orientations were constructed, and their transformation 
potency toward BRL-l and NIH3T3 cells following DNA- 
mediated gene transfer was studied. The parameters used to 
evaluate cell transformation were morphological changes, the 
neomycin resistance phenotype, and anchorage-independent 
growth. The tumorigenicity of the transformed cells in Swiss- 
nu/nu mice and nude rats was also investigated. 

The nucleotide sequence of the 3.0-kilobase hhd" DNA re- 
vealed an open reading frame, encoding a protein with a molec- 
ular weight of 52 kD. Here we present the nucleotide sequence 
of the hhd" DNA and describe the construction and expression 
in Escherichia coli of a chimeric form of the 52-kD hhc M 
polypeptide driven by the lac promoter. 



Materials and Methods 

Cells, Tissue Culture, DNA Transfection Assay, and Soft Agar Cloning 
of Transformed Cells. NIH3T3 cells, passages 6 to 1 1, and BRL-l cells 
for transfection assays were maintained in DM EM supplemented with 
10% heat-inactivated fetal calf serum, penicillin (50 units ml" 1 ), and 
streptomycin (25 y.% ml"') in a 5% C0 2 atmosphere at 37*C. BRL-1 is 
a liver celt line established earlier in serum-free medium conditioned 



4 The abbreviations used are: SV40, simian virus 40; DMEM, Dulbecco's 
modified Eagle's medium; HMW, high molecular weight; poly A, poiyadenyiate; 
SSC, standard saline citrate; SDS, sodium dodecyl sulfate; ORF, open reading 
frame; kD, kilodalton. 
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by the cells, which produce a family of polypeptides termed multipli- 
cation-stimulating activity, which are considered to be related to so- 
matomedins (9). All tissue culture materials were purchased from 
GIBCO, Long Island, NY. 

DNA transfections were carried out by a modified calcium phosphate 
procedure for NIH3T3 cells as described earlier (6, 13). On Day 2 post 
transfection, gentamicin sulfate (G418) DMEM was added to the cells 
to enrich for cells expressing the Neo' gene. G4 1 8-resistant colonies 
were trypsinized and seeded at 150,000 cells/30-mm plate in 0.4% soft 
agar to test for colony formation capability. Colonies formed in soft 
agar were scored and expanded 3 wk later in G418-DMEM. 

Gentamicin Sulfate Dosimetry for BRL-1 Cells and the Effective 
pNeo' DNA Concentration for Transfection. Differing from NIH3T3 
cells, BRL-1 cells exhibit extreme sensitivity to gentamicin sulfate. To 
determine the appropriate concentration of G418, we carried out a 
survival study for BRL-1 cells, presented in Fig. \A. The 100% lethal 
dose of G418 for control BRL-1 cells was found to be 0.15 to 0.2 mg 
ml -1 . The concentration against survival of BRL-1 cells can thus be 
achieved effectively at 0.25 mg ml" 1 of medium, whereas G418 selection 
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pNeor DNA IN ug /TRANSFECTION ASSAY 

Fig. 1. A, dosimetry of gentamicin sulfate (G418), a synthetic neomycin 
analogue, in the selection of BRL-1 transfectants of pNeo'/S DNA; B, effective 
dose of pNeo r /S DNA for conferring neomycin resistance in G4I8 selection 
medium. In A, trypsinized BRL-1 cells were seeded at 300,000 cells per 30-mm 
tissue culture dish in the presence of specified concentrations of G418-supple- 
mented DMEM. Survival of colonies was scored after control culture without 
G418 had reached confluence, usually within 12 to 18 days. Solid bars designate 
survival of control BRL-I colonies. Shaded bars designate survival of transfectant 
colonies with 0.75 of pNeo r /S DNA. In B % BRL-1 cells were transfected with 
the specified amount of pNeo r /S DNA and seeded in duplicate dishes 24 h post 
transfection. G418 was introduced into the medium 48 h post transfection. Colony 
survival was scored on Day 21. All experimental details were as described in 
"Materials and Methods" (8). NIH3T3 cells; O, BRL-1 cells, both transfected 
with pNeo'/S DNA, A, control NIH3T3 cells or BRL-1 cells transfected with 
carrier DNA (NIH3T3). 



against NIH3T3 cells, a well-documented phenomenon, required 0.5 
mg ml' 1 ofG418. 

Similarly, by a pNeo r DNA concentration-dependent transfection 
assay, we found the optimal transfection dosage for BRL-1 cells to be 
750 ng of pNeo' DNA (Fig. IB). Transfection studies involving the 
three recombinant plasm ids were thus carried out with molar equiva- 
lents of pNeo' DNA at 750 ng. 

Tumorigenesis. Transformed cells from soft-agar colonies were ex- 
panded and inoculated s.c. at 10 4 to 10* cells in to Swiss-/iw/m# mice. 
Tumorigenesis in the challenged mice was monitored closely. Patho- 
logical changes within organs and tissues were determined histologi- 
cally. 

Preparation of DNA from Tissue Culture Cells and Tumors. Total 
HMW DNA was extracted and purified from tissue culture cells and 
tumor tissues as described elsewhere (6, 14). The HMW DNA thus 
purified had been subjected to proteinase K digestion, with sequential 
chemical purification first with phenol-cresol, chloroform-isoamyl al- 
cohol, ether, and ethanol-NaCI precipitation, followed by RNase diges- 
tion and a second sequential chemical purification. The purified DNA 
samples were dialyzed against Tris-EDTA-NaCI buffer (14) prior to 
use in transfection and other experiments. 

Plasmid Constructs and Plasmid DNA Preparation. The constructs 
used in this study were prepared by ligation of the 3.0-kilobase hltc** 
DNA, as a Hindlll fragment, to Hindi II -cleaved pNeo'/S vector. Clon- 
ing and screening procedures were as described elsewhere (14, 15). 
Three constructs were obtained, and restriction endonuclease cleavage 
patterns for these three constructs verified their correctness. 

Plasmid DNA was prepared by the rapid heating method, followed 
by isopyknic centrifugation at 180,000 x g for 20 h in cesium chloride- 
ethidium bromide (14, 15). Samples of banded plasmid DNA were 
dialyzed against Tris-EDTA-NaCI buffer prior to use in transfection 
and other experiments. 

Preparation of | 32 P| Nick-translated hhc M DNA. Purified like" 3.0- 
kilobase DNA was nick-translated as described (14, 15). All deoxynu- 
cleoside ["PJtriphosphates (specific activity, 3000 Ci mM~') were pur- 
chased from Amersham, Arlington Heights, IL. DNA polymerase I, 
Klenow fragment, T4 polynucleotide kinase, and T4 DNA polymerase 
were purchased from New England Biolabs, Beverly, MA; International 
Biotechnology Institute, New Haven, CT; or Bethesda Research Lab- 
oratory, Rockville, MD. All other chemicals, unless specified, were 
purchased from Sigma Chemical Co., St. Louis, MO. Random primers 
were also used in the preparation of certain radioactive endonuclease 
restricted DNA fragments. 

DNA-DNA Hybridization Analysis. HMW DNA samples purified 
from various transfected BRL-1 or NIH3T3 cells and tumors were 
digested with a suitable restriction endonuclease, subjected to electro- 
phoresis in 0.8% or 1.0% agarose gel, transferred onto nitrocellulose 
filters, and hybridized against a specific {"PJDNA probe at 10* cpm 
ml '. The conditions of hybridization, stringency, and stripping of 
bound radioactivity from the filter were as previously described (8). 

Messenger RNA Preparation and Cell-free Translation of Hybrid* 
selected Ator^-specific mRNA. The preparation of poly A-rich RNA and 
cell-free translation of the hybrid-selected Mc"-specific mRNA were 
carried out as described earlier (15). Poly A-rich RNA was separated 
from total RNA of log-phase cells (Mahlavu hepatocellular carcinoma 
and hhc" DNA-transformed NIH3T3 tumor 8/1 E) by oligo dT-cellu- 
lose column chromatography. Poly A-rich RNA was then allowed to 
anneal for 20 h to 5 Mg of kite* DNA impregnated on S & S nitrocel- 
lulose filters under optimal conditions for DNA-RNA hybridization. 
The filter was washed free of unbound RNA, and the annealed mRNA 
was released by heating to 80*in O.lx SSC. This Mc"-specific mRNA 
was used to program cell-free protein synthesis in a rabbit reticulocyte 
lysate system with [ 3S S]methionine as label (New England Nuclear, 
Boston, MA). The resulting 35 S-labeled polypeptides were separated by 
SDS-polyacrylamide gel electrophoresis and detected by autoradiogra- 
phy. 

DNA Sequencing. A series of overlapping clones was generated using 
available restriction sites and a modification of the primer extension 
method of McKnight and Kingsbury (16) with synthetic oligodeoxy- 
nucleotide (20 to 22 nucleotides long) complementary to the hhc" 
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DNA. Both the positive and negative strands of hhc M DNA were 
completely sequenced. Nucleotide and amino acid sequences were ana- 
lyzed with computer programs from the Bionet System and Genbank. 

Results 

Constructs Containing hhc M DNA and Transformation of Buf- 
falo Rat Liver Cells Compared with NIH3T3 Cells. Fig. 2 depicts 
the three constructs carrying hhd" 3.0-kilobase DNA in differ- 
ent orientations as verified by restriction endonuclease cleavage 
analysis. Clone pN r M (8.9 kilobases) carried hhc M DNA ligated 
to the pNeo'/S 5.8-kilobase DNA so that the 5' terminus of 
hhc" DNA was situated at the 3' end of the Neo r locus of the 
pNeo r /S DNA in a 5' to 3' direction. Clones pN r pM-l and 
pN r pM-2 (11.6 kilobases each) retained the pUC 8 sequence of 
the original clone of tine", PM-1 (7, 8). The two clones differed 
in orientation with respect to the relation between the termini 
of hhc M DNA and the promoter sequence of SV40 or the Neo r 
sequence. Upon transfections of these DNA samples into BRL- 
1 cells or NIH3T3 cells, all the transformants showed an initial 
active expression of the pNeo' gene and survived G4 18 selection 
at the respective effective concentration that was lethal to the 
control untreated BRL-1 cells (Fig. \A and Fig. 3a) or NIH3T3 
cells (Fig. 3a). Fig. 3 shows a typical experiment in which the 
neomycin resistance was conferred by transfection with all three 
constructs, pN r pM-l, pN r pM-2, and pN r M, to BRL-1 cells. 
BRL-1 cells transformed by pN r pM-l DNA were found to 
tolerate G418 concentrations beyond 0.3-mg ml - ' (Fig. 1) and 
even as high as 0.40 mg ml"' of medium (data not shown). This 
method yielded 10 3 colonies Mg -1 of input DNA in transfection 
experiments with clones pN r pM-l, pN r pM-2, and pN r M. The 
assay can be scored within 12 to 14 days post transfection. 

Stability of Neomycin Resistance and Transformed Pheno- 
types through Secondary and Tertiary Transfection and in Prog- 
eny Tumor Cells. The stability studies on neomycin resistance, 
anchorage-independent growth, and tumorigenicity through 
two subsequent transfection cycles and in progeny tumor cells 
are summarized in Table 1. Although all selected colonies 
initially expressed the neomycin resistance phenotype (Fig. 3), 
this characteristic was not stably transmitted in either the pN r M 
or pN r pM-2 transformant on passage through nu/nu mice 
(Table 1). One construct, pN r pM-l, was extremely stable 
through secondary and tertiary transfections and repeated chal- 
lenges in nu/nu mice. For that reason, studies on BRL-1 cells 
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Fig. 2. Constructs carrying the human hhc** 3.0- to 3.1-kilobase DNA in a 
neomycin resistance vector. The original clone of hhc", PM-I (8), was digested 
with HindlW restriction endonuclease to release both the hhc" DNA and pUC 8 
(2.7 kilobases) DNA. These fragments were ligated to the //im/III-cleaved DNA 
of the pNeo r /S vector. DNA concentrations for ligation were at a ratio of 1:1:2 
with respect to hhc M DNA:pUC 8 DNA:pNeo r /S DNA. The resultant clones 
were designated pN'pM-l, 1 1.6 kilobases (/), pN'pM-2, 1 1.6 kilobases (If), and 
pN'pM, 8.9 kilobases (///). Pro, SV40 promoter, amp, ampicillin resistance locus; 
Neo r , neomycin resistance locus; kb, kilobase(s); H III, HindlW. 



Fig. 3. Neomycin-resistant colonies of BRL-1 cells transfected by the DNAs 
prepared from pN'pM* 1, pN'pM-2. and pN'pM clones, a, no surviving control 
BRL-1 or NIH3T3 cells in G418 selection medium. The G4I8 selection dosage 
for transfected BRL-1 cells was 0.25 mg ml"' of medium in a, b, c, d, and / The 
G418 selection dosage for pN'pM-l -transformed NIH3T3 cells was 0.50 mg ml" 1 
of medium in a and e. The surviving colonies of BRL-1 cells were transfected 
with pN'pM-l DNA (b), pN r pM-2 DNA (c), pN'pM DNA (d), and pNeo'/S 
DNA (f). The surviving colonies of N1H3T3 cells were transfected with pN'pM- 
I DNA (e). The DNA dosage used in transfection was 750 ng for pNeo r /S, 1125 
ng for pN'pM, and 1 500 ng each for pN'pM- 1 and pN r pM-2. 

were primarily carried out with the pN r pM-l clone. 

Secondary transfection of both BRL-1 cells and NIH3T3 
cells with total genomic DNA purified from the primary 
pN r pM-l transformants resulted in successful transmission of 
both the cell transformation property as well as the G418 
resistance phenotype (Table 1). Successful transmission of both 
the transformed morphology as well as the G418 resistance to 
the recipient NIH3T3 cells was also achieved with the second- 
ary NIH3T3 transformant DNA in a tertiary transfection, sug- 
gesting that the transfected DNA had become stably integrated. 

Morphological Changes, Anchorage-independent Growth, and 
Tumorigenesis of BRL-1 and NIH3T3 Transformants Trans- 
fected with the AAc^-pNeoVS Constructs. Varying degrees of 
transformed morphology, i.e., round and spindle-shaped and 
highly refractile cells, were associated with different cultures of 
either BRL-1 (Fig. 4, ii and iii) or NIH3T3 (Fig. 5B, ii and iii) 
cells transfected with pN r pM-l DNA. Control BRL-1 and 
NIH3T3 (Fig. 5Ai) cultures generally appeared flat and contact 
inhibited. When transfected with pNeo f /S DNA, both types of 
cultures showed some scattered round and refractile cells, but 
they retained contact inhibition (Figs. 4i and 5B\). Transfor- 
mation of NIH3T3 cells by find" DNA carried in the pUC 8 
plasmid has already been described (Fig. SA\\) (8). NIH3T3 
cells, transfected with pN'pM-l, pN r pM-2, or pN r M DNA, 
showed a significant increase in growth density, a loss of contact 
inhibition, and an increase in cell refractility. A typical focal 
transformation of NIH3T3 cells transfected with pN r pM-l 
DNA at 1 2 days post transfection (Fig. 5B\i) and 1 8 days post 
transfection (Fig. 5#iii) is shown in Fig. 5. Transformation of 
heterogeneous liver cell populations with pN r pM-l DNA, how- 
ever, was limited to certain types among the hepatocytes. They 
appeared round, highly refractile, and clustered in high cell 
density (Fig. 4ii at 14 days post transfection and 4iii at 21 days 
post transfection); they also showed a tendency to detach from 
the culture. Cytoplasmic secretory vacuoles developed within 
transformed BRL-1 cells, and secretory material was released 
into the culture medium as mucinous materials tightly associ- 
ated with the cell surface. Surrounding these apparently trans- 
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Table I Persistence of neomycin resistance, anchorage-independent growth, and tumorigenicity through three transfection cycies 
For each study, all experimental detail was as described in "Materials and Methods.** 



G418 resistance 



Anchorage-independent 
growth 



Tumorigenicity 



BRL-1 



NIH3T3 



BRL-I 



NIH3T3 



BRL-I 



NIH3T3 



pN*pM- 1 DNA-transfected cells 
Primary transformant 
Soft agar colony clone 
Primary tumor cells in tissue culture 
Secondary transfectant 
Secondary tumor cells in tissue culture 
Tertiary transfectant 
Tertiary tumor cells in tissue culture 

pN'M DNA-transfected cells 
Primary transformant 
Soft agar colony clone 
Primary tumor cells in tissue culture 

pN'pM-2 DNA-transfected cells 
Primary transformant 
Soft agar colony clone 
Primary tumor cells in tissue culture 



+ 

+ 

+ 

+ 

+ 
ND 
ND 



NT 
NT 



+ 

NT 
NT 



+ 



+ 

+ 

+ 

+ 
ND 
ND 



+ 
+ 
+ 



+ 
+ 

+ 
ND- 
ND 



+ 
+ 
+ 



+ 

NT 



' ND, not yet determined; NT, not tested because of inability to test the cells due to negative findings. 
* Tumor nodule developed at site of inoculum 5 to 6 mo post challenge. 
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iv v vi vii 

Fig. 4. Morphological changes and anchorage- independent growth of Buffalo rat liver (BRL-I ) cells post transfection with human hhc" DNA carried in a construct, 
pN*pM-l. Neomycin-resistant colonies of BRL-1 cells transfected with pNeo r /S DNA, 750 ng (0, and transformed foci of BRL-1 culture at 14 days (ii) and at 21 
days (Hi) post transfection with pN r pM-l DNA (1.5 jtg). showing progressive increase in refractility and loss of contact inhibition. Anchorage-independent growth 
exhibited by pNeo r /S DNA-transfected BRL-1 cells (iv) from culture at # showing no soft agar colony formation (x 20). Soft agar colonies of pN'pM-l -transformed 
BRL-I cells from culture at Hi are shown at magnifications of x 20 (v) and x 200 (W), phase-contrast microscopy; (vii), the same at x 200, light microscopy. Details 
for the transfection assay and for colony formation in soft agar were as described in "Materials and Methods.** 

formed foci are other epithelioid cells that seemed to remain 6- to 8-fold greater than that of the control BRL-1 cells with 

contact inhibited. BRL-1 transformants with pN r pM-l DNA, or without pNeo r /S DNA transfection (Fig. 6). 

expanded from the transformed focus, exhibit a growth density To further confirm that like™ DNA actually conferred the 
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Fig. 5. Morphological changes and anchorage- independent growth of NIH3T3 cells transformed with hhc" DNA. Ai, control N1H3T3 culture, transfected with 
carrier NIH3T3 DNA, 28 days posttransfection (x 80). Aii, a transformed focus of NIH3T3 cells transfected with hhc" DNA carried in pUC 8 plasmid, 1.0 fig/plate, 
28 days post transfection (x 180, phase-contrast microscopy). Insets in Ai shows that no tumor developed in a Swiss nu/nu mouse given an injection of 10* control 
transfected cells from Ai culture, 47th week post injection. Inset in Aii shows an NIH Swiss-nu/m/ mouse inoculated with 10* NIH3T3 transformants from Aii, 
bearing tumor 16 wk post injection. Bi, G418-resistant colonies of NIH3T3 cells transfected with pNeo r /S DNA; Bii and Biii, with pN r pM-l DNA (1.25 u% each). 
No soft agar colony formation by NIH3T3 transfectants with pNeo r DNA (Biv) was observed. Soft agar colony formation was observed by NIH3T3 transformants 
with pN r pM-l DNA. (x 20, Bv\ x 200, Bvi, phase-contrast microscopy) and by tumor cells of pN r pM-l DNA NIH3T3 transformants (x 200, light microscopy; Bvii). 




Fig. 6. A, growth density and tumorigenicity of transformed BRL-I soft agar 
clone 4 cells as compared with control pNeo'/S DNA-transfeceted BRL-1 cells. 
Transformed BRL-1 soft agar clone 4 cells (•), previously expanded in tissue 
culture; cells of pNeo'/S DNA-transfected culture (O) and control BRL-1 cells 
(3) were seeded at 50,000 cells per 100- mm plate. Growth was monitored by 
viable cell counts stained with trypan blue, b, tumorigenesis of clone 4 BRL-1 
transformant with pN'pM- 1 DNA in the nude rat. Nude rats were given injections 
homo tropically with 10* cells from a clone 4 BRL-1 transformant with pN r pM-l 
DNA, a transfectant of pNeo f /S DNA, or none. At left (/), no tumor developed 
with rats receiving only BRL-1 cells or BRL-1 transfectant of pNeo'/S DNA 5 
mo post injection. At right (r), a nodule developed in a rat inoculated with clone 
4 transformed BRL-1 cells by 6 wk post injection; rat on right, 11 wk post 
injection. 

transformed phenotype, pN r pM-l transformants were seeded 
in soft agar to score anchorage independence. Control NIH3T3 
and BRL-I cells, with or without pNeo r /S DNA transfection, 
failed to form colonies in soft agar (Figs. 4iv and 5Bi\). Indi- 
vidual cells from transformed foci of BRL-1 and of NIH3T3 
cells that had taken up pN r pM-l DNA, when cloned and 



expanded in G418 selection medium formed colonies in soft 
agar (Figs. 4, v to vii, and SB v and vi). 

BRL-1 or NIH3T3 cells that had been transformed with 
pN r M or pN r pM-2 DNA failed to form soft agar colonies within 
the time frame comparable to that of the other transformants 
(data not shown). However, both types of NIH3T3 transform- 
ants were tumorigenic in Swiss-w«/m# mice, although longer 
latency periods were observed (Table 1). The ability to form 
colonies in soft agar probably depends on the ability of trans- 
formed cells to replicate in an anaerobic environment. Clones 
pN r pM-l and pN r pM-2 differ from one another in the orien- 
tation of the hhd" sequence with respect to the S V40 promoter 
sequence (Fig. 2). However, there is no direct evidence that this 
orientation difference affects the ability of pN r pM-2 transform- 
ants to form colonies in soft agar. 

BRL-1 and NIH3T3 transformants of pN r pM-l DNA ex- 
panded from the soft agar colonies proved to be highly tumor- 
igenic when inoculated s.c. into Swhs-nu/nu mice at 10 5 or 10 6 
cells (Table 1). The same results were obtained with BRL-1 
transformants in nude rats at 10 6 cells (Fig. 6b). Tumors devel- 
oped within 6 to 20 wk post inoculation. Control cells, either 
NIH3T3 or BRL-1, with or without pNeo r /S DNA transfection, 
failed to develop tumors or other forms of neoplasms at the 
same challenge dose (Figs. 5/4i, inseU and 6b) even at 12 mo 
post inoculation. Of the 72 Swiss-/iw//iw mice challenged with 
NIH3T3 transformants, over 85% developed tumors within 3 
mo. Among the tumor-bearing nu/nu mice, 20% also developed 
lymphoadenopathy, splenomegaly, and lymphoma. Five % of 
the mice inoculated with I0 $ transformed cells developed tu- 
mors after 5 to 6 mo. Five % of the animals developed ascites 
in addition to lymphoadenopathy and splenomegaly. The resid- 
ual 5% of the challenged mice failed to show any tumor. It 
appears certain that the hhc^ DNA carried in either pUC 8 or 
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the pNeo r /S vector bestowed the tumorigenic potential upon 
transfection into both NIH3T3 and BRL-1 cells. The multipo- 
tential nature of the oncogenic mechanism remains to be ex- 
plored. 

Cells expanded from tumors of either BRL-1 or NIH3T3 
transformants formed large colonies in soft agar efficiently 
within 14 to 28 days (Figs. 4vii and 5£vii). Furthermore, cells 
expanded from these soft agar colonies showed a much shorter 
latency period and increased significantly in tumorigenic poten- 
tial, such that rechallenge experiments on nu/nu mice or nude 
rats required greatly reduced doses (e.g., <10 2 cells). 

hhc M and pNeo r /S Sequences in Tumors of NIH3T3 and BRL- 
1 Cells Transformed with pN r pM-l DNA. The presence of the 
human DNA sequence in transformed cells was demonstrated 
by Southern blot hybridization with genomic DNAs of tumors 
that developed from NIH3T3 and BRL-1 cell transformants 
using a nick-translated ("PJ-Mc^ DNA probe (Fig. 7). Among 
the primary tumor DNA samples, the AAc^-specific sequence 
was demonstrated in Lane NT for tumor of NIH3T3 transform- 
ants and in Lane BRLT for BRL-1 transformants. Similarly, 
using a 32 P-pNeo r /S DNA probe, the pNeo r sequence was 
identified in the same tumor DNAs (Lanes NT and BRLT) as 
well as in DNAs from control NIH3T3 and BRL-1 cells trans- 
fected with pNeo r /S DNA (Lanes pN"N and pWBRL). Control 
NIH3T3 and BRL-1 DNAs were totally negative. It is evident 
that the human hhc* 1 DNA was integrated into both NIH3T3 
and BRL-1 transformants and their respective tumors and was 
transmitted stably into progeny. Transformation of BRL-1 and 
NIH3T3 cells is thus mediated through transfection with 
pN r pM-l DNA bearing a human hepatoma DNA sequence, 
fine", with transforming potential not only for NIH3T3 fibro- 
blasts but also for rat liver cells. 

The Complete Nucleotide Sequence of hhc M . Since the restric- 
tion endonuclease cleavage map for line** 3.0-kilobase DNA 
has been described earlier (8), appropriate restriction sites were 
used for establishing M13 subclones for nucleotide sequencing 
(Fig. 8/1). In addition, in order to elucidate both strands of the 
hhd" 3.0-kilobase DNA a modification of the McKnight and 
Kingsbury protocol (16) was used. Altogether it involved con- 

CN pN f N hhC M NT CIRl pN r i*l MIT 




Fig. 7. Human DNA sequences in genomic DNAs prepared from tumors of 
NIH3T3 and BRL-1 cells transformed by pN'pM-l DNA. Sequential Southern 
blot hybridization of Hindi 1 1 -digested tumor DNA or transfected cell DNA (SO 
Mg/sampie) were carried out first using a ("Pj-Mc" probe (3.0-kilobase DNA 
fragment) and then against a ("P)-pNeo r /S probe (5.8-kilobase DNA fragment). 
Lanes CN and pN'N designate cellular DNAs from NIH3T3 cells transfected with 
c-hhc DNA, a human liver homologue (8), and pNeo r /S DNA, respectively. Since 
no tumor developed from the challenged mice, DNA was prepared from the 
inoculum cells. Lane hhc** (0. 1 pg) is the human hepatoma 3.1-kilobase DNA, a 
positive hybridization control. Lane NT is DNA from a tumor developed in a nuf 
nu mouse challenged with transformed NIH3T3 cells transfected with pN'pM-l 
DNA. Lanes CBRL, pN'BRL, and BRLT designate DNA samples from control 
BRL-1 cells, BRL-1 cells transfected with pNeo f /S DNA and from a tumor of 
BRL-1 transformants (soft agar clone 4 transfected with pN r pM-I DNA), respec- 
tively. All experimental details are as described in "Materials and Methods." 



struction of 12 overlapping Ml 3 subclones carrying inserts of 
the hhc M DNA fragments in both orientations (Fig, SA). Where 
there was no convenient restriction endonuclease cleavage site, 
a primer extension method was used. Synthetic oligodeoxynu- 
cleotides (20 to 22 nucleotides) complementary to hhc* 9 DNA 
were used as sequencing primers. 

The complete nucleotide sequence for hhc* 1 DNA is presented 
in Fig. SB. The most prominent structural feature within this 
sequence is an open reading frame of 1401 nucleotides, poten- 
tially encoding a protein of 467 amino acids (52 kD). No 
significant homology was detected between the structure pre- 
dicted by the open reading frame within hhc* 1 with any other 
oncogene product or cellular protein. The protein-coding se- 
quence was preceded and followed by punctuation elements 
appropriate to eukaryotic cells (such as the TA TAA box, AGGA 
ribosomal RNA binding site, and ATG start codon), suggesting 
that it might be efficiently expressed in hepatoma cells. 

A possible second ORF of 591 nucleotides downstream of 
the p52 sequence was terminated by a TGA stop codon. This 
putative polypeptide was found to share partial homology with 
known protein sequences, probably because of the presence of 
a repetitive sequence in this area. These observations suggest 
that that hhc M DNA sequence might be the product of a DNA 
rearrangement involving a sequence of relatively significant 
size. 

hhc M p52 Is Actively Expressed in Mahlavu Hepatocellular 
Carcinoma and NIH3T3 Transformants. Using immobilized 
hhc** DNA, the Mc^-specific messenger RNA was hybrid- 
selected from poly A-rich RNA preparations derived from 
Mahlavu hepatocellular carcinoma cells and from a tumor (8/ 
IE) of transformed NIH3T3 cells (6, 7). Fig. 9A shows a 1.8- 
kilobase mRNA species identified by Northern blot hybridiza- 
tion in the poly A RNA purified from 8/1 E tumor and a much 
larger >9.4-kilobase species of mRNA in the poly A RNA 
purified from Mahlavu hepatocellular carcinoma. No hhc* 4 - 
hybridizable RNA could be identified in RNA preparations 
from normal liver or control NIH3T3 cells transfected with a 
normal liver homologue c-hhc (8) (data not shown). Using 
hybrid-selected, Mc^-specific mRNAs to program cell-free 
translation with [ 35 S]methionine and rabbit reticulocyte lysates, 
the major product visualized following autoradiography was a 
protein of about 52 to 53 kD, specified by the 1.8-ktlobase 8/ 
IE tumor mRNA [Fig. 9B, Lanes N(hhc M ), 0.5 Mg and 3.0 Mg]. 
On the other hand, the large (>9.4 kilobase) mRNA hybrid- 
selected from Mahlavu hepatocellular carcinoma specified pro- 
teins of 52 to 53 kD, 42 kD, 32 kD, 24 kD, and 45 kD (trace) 
(Fig. 9B, Lanes MAN, 0.5 Mg and 3.0 Mg). No AAcf-specific 
protein bands were identified in samples using normal liver and 
control N(c-Mc) poly A RNAs hybrid-selected with hhd" DNA 
[Fig. 9, Lanes N(c-hhc), 3 Mg and liver, 0.5 and 3.0 Mg]. This 
was probably because of the fact that the expression of a 
sequence related to hhc M , c-hhc, in c-Mc-transfected NIH3T3 
cells or normal liver was at a minimal level and, hence, no RNA 
was hybrid-selected hy hhc" DNA. 

From the Northern blot analysis of A/rc^-specific mRNA 
identified in the 8/ IE tumor and the size of the ORF in hhd" 
DNA, the 52- to 53-kD protein is considered most likely the 
oncoprotein specified by the ORF within hhc" DNA. The 
relative abundance of the /rArc^-specific mRNA also suggests 
that it is actively expressed by both the 8/ IE tumor and espe- 
cially the Mahlavu hepatocellular carcinoma cells. 

High Level Expression of the 52-kD hhc M Protein by E. colL 
The hhc M nucleotide sequence contains an ORF of 467 codons 
potentially encoding a protein of approximately 52 kD. This 
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Fig. 8. sequencing strategy for hhc* 4 3.0-lcilobase DNA. Twelve subclones were constructed. The SY series were M 13 subclones analyzed by the Sanger didcoxy 
sequencing method. The subclones at the 5' and 3' termini, H3P, P3H, SIH, and HIS, were used for the Maxam-Gilben sequencing method (17). B, complete 
nucleotide sequence of the human 3.0-kilobase hhc M DNA from Mahlavu hepatocellular carcinoma. 



ORF resides at the 5' half of the fiftc" sequence (Fig. SB). It is 
preceded by an appropriate ribosome recognition sequence 
(AGGA) and a TATAA box. A potential eukaryotic RNA 
polymerase II enhancer sequence (ATGCAAAT) is situated 
within 30 nucleotides of the start codon (ATG) at coordinate 
79. The 52-kD protein detected in cell-free translation experi- 
ments with hybrid-selected Mc^-specific mRNA (Fig. 9B) may 
thus be a possible product of the 467-codon ORF. 

The protein-coding capability of this ORF was tested by 
juxtaposing this nucleotide sequence to a functional prokaryotic 
punctuation element. Fig. 10 depicts the construction of an 
expression plasmid (pJZ102) in which 18 codons from the 5' 
terminus of the presumptive hhc M ORF were replaced by 1 1 
amino acids of lacZ. This operation permitted the expression 
of hhc" ORF in the form of a chimeric protein, driven by the 
lac promoter. 

E. coli cells transformed by pJZ102 were grown in rich 
medium to log phase and then induced with IPTG, whereupon 
high-level production of the chimeric hhc^-lac fusion protein 
was observed (Fig. 11a). Kinetic analysis of the proteins en- 



coded by pJZ102 showed increasing accumulation of a 52-kD 
protein over time. Production was maintained at high levels for 
20 h (Figs. 11, Lanes e to g, and 12 A, Lanes c to «?). The 
chimeric protein accumulated in bacterial cells as inclusion 
bodies, thus facilitating microscopic monitoring of the expres- 
sion of p52 (compare Fig. 11, Lanes a\ d\ e\f\ and #'). A 
control construct, pJZlOl (Fig. 10), in which the hhc^-lac 
chimeric gene was interrupted by a Kanamycin cassette, failed 
to produce the 52-kD protein but synthesized instead the 28- 
kD aminoglycoside phosphotransferase (Fig. \2A, Lane f). 

The large-scale bacterial production of the 52-kD hhc* 1 pro- 
tein laid the groundwork for the partial purification of this 
protein by SDS-polyacrylamide gel electrophoresis to homoge- 
ity. The gel-purified p52 (Fig. 12/1, Lanes a and b) was used to 
generate rabbit polyclonal antibodies. Sera from immunized 
animals displayed reactivity toward detergent-solubilized cell 
extracts from human hepatomas including Mahlavu and HPG2, 
pN r pM-l-transfected BRL-1 tumor cells, and purified p52, but 
not with extracts of BRL-1 cells (Fig. 12*9). Cross-reactivity 
between polyclonal anti-p52 and solubilized extracts from 
Hp3P21.7 was barely detectable. 
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Fig. 9. AAc"-speafic mRNA species demonstrated by Northern blot hybridi- 
zation and AAc^-specific mRNA-directed cell-free protein synthesis. A, Northern 
blot hybridization with poly A RNA prepared from the AAr^-transformed 
NIH3T3 tumor (8/1 E) cells [Nfhhc^l showing a 1.8-kilobase mRNA species 
and a 29.4-kilobase mRNA species from Mahlavu hepatocellular carcinoma 
{MAN) using a "P-A/rc" 3.1-kilobase DNA probe; none was identified in normal 
liver RNA (data not shown). Samples of S Mg of poly A RNA were subjected to 
the routine formaldehyde gel electrophoresis, electrotransferred, and then sub- 
jected to hybridization as described earlier (14, 15). B, cell-free translation of 
hybrid-selected mRNAs from the same sources including N(hhc M ) and MAH and 
from liver and N(c-hhc) t NIH3T3 cells transfected with a liver homologue c-AAc. 
mRNA concentrations used were 0.5 ftg and 3 Mg for each type. fine** 3.0-kilobase 
DNA, 1 Mg each, was impregnated in nitrocellulose filters, denatured, and sub- 
jected to hybridization with the specified poly A RNA sample. The filter was 
washed repeatedly and the hybridized RNA was released by heating to 80*C for 
1 min in 0. 1 x SSC. The released AAc^-specific mRNA samples were then used 
to program cell-free translation in a rabbit reticuloyte lysate system (New England 
Nuclear) using ( 35 C)methionine as label. All experimental detail has been described 
in "Materials and Methods" (14, 15) and in the technical manual provided by 
NEN. 
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Fig. 10. Construction of an hhc^-lacZ chimeric gene for bacterial expression 
of the 52-kD protein of AAc". 

Discussion 

Multiple attempts to transform liver cells with either DNA 
tumor viruses or by transfection with DNA from DNA tumor 
viruses have been reported. It was established earlier that he- 
patocytes could be immortalized by the transforming genes of 
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Fig. II. Kinetic analysis of protein production in E. coli cells harboring 
pJZ102. Plasmid pJZ102 and control plasmid pJZlOl were cultured in zT. coli 
ceils until cell density reached a Kiett reading of 80, at which point the inducer, 
IPTG (final concentration, 10" 3 mol), was added to activate transcription from 
the lac promoter for the production of the chimeric hhc^-lac 52-kD protein. One- 
mi samples of the cultures were removed at specified times, pelleted by centrifu- 
gation, lysed, and the proteins were denatured by boiling in Laemmli buffer. 
Equivalent aliquots of each sample were applied and analyzed by SDS-polyacryl- 
amide gel electrophoresis as described elsewhere (25). a, pJZ102 + ITPG; 6, 
PJZ102 - ITPG; pJZ102 + ITPG at 30 min (</), 4 h (*), 7 h (/), and 20 h (g). 
Dark field microscopy of pJZI02-transformed E. coli cells + ITPG at 0 time (a'), 
30 min (</'), 4 h (*'), 7 h (/'), and 20 h (*'). Prestained molecular weight 
markers (m) in kD are 130 [faint band on top), °4, 75, 50, 39, 27, and 1 7. 

either SV40 or polyoma virus (1 8-20). Cultured liver cells from 
transgenic mice carrying SV40 sequences demonstrated in- 
creased autonomy in growth and an independence from growth 
factor or hormone requirements (19). Similarly, neonatal rat 
hepatocytes, transfected with the plasmid pSV 5-neo carrying 
the polyoma virus early region after growth in various selective 
conditions including exposure to media containing growth fac- 
tor and insulin, eventually became tumorigenic in nude mice. 
These cells were capable of secreting their own ^-transforming 
growth factor-like activity (19). Certain rat hepatocyte lines 
harboring SV40 DNA became tumorigenic as they reached high 
passages in tissue culture (33 to 61) (11), a phenomenon of in 
vitro selection. The development of tumorigenicity in these cell 
lines was concomitant with increased expression of c-Hz-ras. 

Neoplastic transformation of rat liver cells by transfection 
with a human DNA sequence, hhc M , reported herein for the 
first time, was facilitated by the use of a neomycin resistance 
marker carried in the pNeo r /S promoter vector. This vector 
contains an SV40 promoter sequence, a retroviral long terminal 
repeat, a partial T-antigen sequence, and a neomycin resistance 
gene. Transfection with this vector alone did not cause the 
typical cell transformation in BRL-1 cells nor did the trans- 
formants form tumors in either nu/nu mice or nude rats. BRL- 
1 and^NIH3T3 cells transformed by pN r pM-l DNA showed 
morphological changes, such as an increase in refractility and 
loss of contact inhibition, and developed round and spindle- 
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Fig. 12, /I, purified hhc** fusion pS2 produced in bacteria; B, specificity of a 
polyclonal anti-p52 immunoglobulin C. A, SDS-poly aery lam ide gel electropho- 
resis of bacterially expressed p52. All conditions for the bacterial expression of 
chimeric hhc^-lac fusion protein were as described in Fig. 1 1 . Lanes c to e 
represent total cell extracts of pJZ102-bearing E. coii cells (in varying amounts) 
induced by IPTG, and Lane f represents the total cell extracts of a negative 
control pJZ 1 0 1 -bearing E. colt cells. Lanes a (5 n\) and b (15 ^1) depict different 
amounts of gel-purified p52 that was used to immunize rabbits. Lane M depicts 
prestained molecular weight markers in kO {/'./., 75, 57, SO, 39, 27, and 17). 
Arrow, purified 52-kD protein. reactivity of a polyclonal anti-p52. Anti-p52 
polyclonal immunoglobulin was raised by immunizing rabbits. SDS-polyacryl- 
amide gel-purified pS2 at 0.8 to 1.0 mg each was used to immunize the New 
Zealand White rabbit by standard techniques. Two booster injections were given. 
Detergent (0.2% SDS)-lysed samples corresponding to 0.2 ml of packed human 
hepatoma cells (1/3; v/v) including Mahlavu hepatocellular carcinoma, Hp3p21.7 
and HPG2, and pN r pM-l-transfected BRL-1 tumor cells, control BRL-1 cells, 
and p52, at 10 pi each, were applied to the sample well and allowed to diffuse 
and cross-react overnight against the polyclonal anti-p52 immunoglobulin. Re- 
sults were recorded at 48 h. 

shaped cells, growth at high density with a tendency to detach, 
and anchorage-independent growth. Cells from transformed 
foci upon expansion (i.e., at low passage) were tumorigenic in 
both Swiss-flu//ti< mice and nude rats. 

NIH3T3 cells transfected with DNAs from all three clones 
developed tumors in nu/nu mice, albeit with different latency 
periods. Tumor DNA samples contained hhc* 4 sequences, yet 
the expression of neomycin resistance as well as anchorage- 
independent growth seemed to be independently regulated. 
Only one construct, pN r pM-l, imparted stable characteristics 
of neomycin resistance, anchorage-independent growth, and 
tumorigenicity to transfected cells that persisted through suc- 
cessive tumor passages in nude mice. The inability of transform- 
ants derived from pN r M and pN r pM-2 DNAs to survive G4 1 8 
selection and form colonies in soft agar was attributed to the 
cryptic expression of the neomycin resistance phenotype or 
abortive transformation, probably because of the orientation of 
the molecular constructs. 

The characteristics of the transformed BRL-1 cells and 
NIH3T3 cells that incorporated pN r pM-l DNA confirmed that 
like" is a cell-transforming DNA. Morphologically, the primary 
BRL-1 transformants were of both epithelioid and glandular 
types. Following passage through nu/nu mice by either s.c. or 
i.p. inoculations, tumors that developed from BRL-1 transform- 
ants appeared histopathologically as both sarcomas and undif- 
ferentiated carcinomas. This suggests that the BRL-1 trans- 
formants that survived both G4 1 8 selection and animal passage 
were probably derived from the hepatic stroma or sinusoid. 
Sarcomas that developed from transformed hepatocytes have 
previously been observed among guinea pig hepatocytes trans- 
formed with UV-irradiated cytomegalovirus (21) and also in 
aflatoxin B I -transformed rat hepatocytes (22). 

Tumors produced in nude rats from the BRL-1 transformants 
were not as well defined in their histopathology. Certain tumors 
presented a histopathology characteristic of sarcoma, but there 
were also tumor masses that resembled minimally differentiated 



carcinoma, in this respect, tumors produced by BRL-1 cells 
transformed by pN r pM-l in nude rats resembled those that 
arose from rat hepatocytes (RL-PR-C) transformed by exposure 
to aflatoxin B,. Tumors in the latter study were reportedly both 
sarcoma and carcinoma, demonstrating the multipotency of 
these epithelial cells transformed in vitro (22). It is of interest 
to note that hhc* 1 ^ the human transforming sequence, originated 
from an African (Mahlavu) hepatocellular carcinoma, the DNA 
of which showed high affinity for aflatoxin B! (6). 

The multipotential nature of hepatocytes has also been ex- 
plored in rats and hamsters (23, 24). The differentiation com- 
mitment of a rat hepatocyte could be reversed by subjecting the 
rat to a copper-deficient diet. This dietary manipulation de- 
pleted the pancreatic acinar cells almost completely and induced 
an infiltration of liver hepatocytes into 60% of the pancreas 
upon restoration to a normal diet. Morphological and histo- 
chemical evidence, as well as nucleic acid hybridization results, 
suggested that both ductular cells and interstitial cells, which 
resemble oval cells of the liver, may be considered equivalent 
to stem cells and are capable of undergoing transformation into 
pancreatic hepatocytes. In view of the versatility and multipo- 
tential nature of hepatocytes, cell transformation might not 
necessarily require a stem cell as target. A differentiated hepa- 
tocyte could be the target for cell transformation by hhc M DNA 
carried in pN r pM-l, as shown here in terms of tumorigenic 
potential. 

In this paper, we have also shown that hhc^ encodes a 52- 
kD protein, and we have demonstrated that this DNA sequence 
can be readily expressed in bacteria. Earlier we found hhc**- 
related DNA sequences in 19 hepatomas of Asian origin. Such 
DNA sequences were present in an amplified state which may 
have accounted for their detectability in these hepatomas (8). 
The amplification of cellular genes and/or certain protoonco- 
genes and the elevated expression of certain proteins occur 
during liver regeneration, embryogenesis, or tumorigenesis. It 
would be of interest to investigate the expression of hhc* 4 - 
related p52 in patients at various stages of hepatocellular car- 
cinoma and to compare such patients' specimens with samples 
from individuals suffering from liver cirrhosis, as well as other 
nonmalignant pathological conditions of the liver, such as 
hepatitis B or non-a non-b virus infections. Our results suggest 
that p52 and the specific polyclonal antiserum (anti-p52) offer 
possible screening and diagnostic applicability in areas of the 
world with populations at high risk of developing hepatocellular 
carcinoma, such as Africa, Japan, Taiwan, China, Korea, Thai- 
land, India, Malaysia, and certain Mediterranean cities. 
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